Abstract. Intracranial aneurysm (IA) is a severe clinical condition of primary concern and currently, there is no effective therapeutic reagent. The present study aimed to investigate the molecular mechanism of IA via bioinformatic analysis. Various gene expression profiles (GSE26969) were downloaded from the Gene Expression Omnibus database, including 3 IA and 3 normal superficial temporal artery samples. Firstly, the limma package in R language was used to identify differentially expressed genes (DEGs; P-value <0.01 and |log 2 FC|≥1). Secondly, the database for annotation, visualization and integrated discovery software was utilized to perform pathway and functional enrichment analyses (false discovery rate ≤0.05). Finally, protein-protein interaction (PPI) network and sub-network clustering analyses were performed using the biomolecular interaction network database and ClusterONE software, respectively. Following this, a transcription factor regulatory network was identified from the PPI network. A total of 1,124 DEGs were identified, of which 989 were upregulated and 135 downregulated. Pathway and functional enrichment analyses revealed that the DEGs primarily participated in RNA splicing, functioning of the spliceosome, RNA processing and the mRNA metabolic process. Following PPI network analysis, 1 hepatocyte nuclear factor (HNF) 4A (transcription factor)-centered regulatory network and 5 DEG-centered sub-networks were identified. On analysis of the transcription factor regulatory network, 6 transcription factors (HNF6, HNF4A, E2F4, YY1, H4 and H31T ) and a regulatory pathway (HNF6-HNF4-E2F4) were identified. The results of the present study suggest that activating transcription factor-5, Jun proto-oncogene, activator protein-1 transcription factor subunit, HNF6, HNF4 and E2F4 may participate in IA progression via vascular smooth muscle cell apoptosis, inflammation, vessel wall remodeling and damage and the tumor necrosis factor-β signaling pathway. However, further experimental studies are required to validate these predictions.
Introduction
Intracranial aneurysm (IA) is a cerebrovascular disorder characterized by a regional ballooning of intracranial arteries. IAs are classified into saccular aneurysms, fusiform aneurysms, and micro-aneurysms according to their size and shape. IA is a frequently occurring condition with a prevalence of 2-5% in the global population, and ~0.7-1.9% of cases transform into subarachnoid hemorrhage (SAH) (1) . SAH, which constitutes 1-7% of all strokes, has high mortality and morbidity rates, even though diagnosis and treatment with modern medical technologies are available (2) . Currently, imaging methods including digital subtraction angiography, computed tomography (CT) and CT angiography are the primary IA diagnostic methods, however there is no available preventive treatment of IA prior to rupture, except for surgical procedures and endovascular therapy. However, these treatment methods often result in further complications. The requirement to develop novel therapeutic strategies for IA is of primary concern, and understanding the underlying molecular mechanism of its initiation will aid this research.
Recently, numerous studies have been conducted to identify the pathogenesis of IA formation and rupture. Based on affymetrix microarray data from 3 unruptured IAs and a control superficial temporal artery, Li et al (3) demonstrated that upregulated genes are extracellular matrix (ECM)-associated genes and downregulated genes are enriched in the immune/inflammation response. Based on data obtained from 8 ruptured IAs, 6 unruptured IAs and 5 control intracranial arteries, Pera et al (4) (6) demonstrated that phosphodiesterase-4 is involved in inflammatory diseases and blocking it reduces macrophage migration and inhibits the progression of cerebral aneurysms (CA). Aoki et al (7) revealed that v-ets avian erythroblastosis virus E26 oncogene homolog EST-1 is over-expressed in vascular smooth muscle cells (VSMCs) in CA walls, and thus promotes CA progression. The present study firstly downloaded gene expression profiling data. The raw data were then analyzed to identify differentially expressed genes (DEGs) between IA and normal superficial temporal artery tissue. Following this, pathway and functional enrichment analyses were conducted to investigate the functions of the identified DEGs. A protein-protein interaction (PPI) network was then constructed and visualized, from which a transcription factor regulatory network was identified.
Materials and methods
Obtaining and preprocessing of microarray data. Gene expression profiles of IA and normal superficial temporal artery samples were obtained from the National Center of Biotechnology Information (NCBI) Gene Expression Omnibus (GEO; www.ncbi.nlm.nih.gov/geo/) database. The access number is GSE26969, and this dataset included a total of 6 samples; 3 IA and 3 normal superficial temporal artery samples. The platform used was the Affymetrix Human Genome U133 Plus 2.0 Array (GPL570; Affymetrix; Thermo Fisher Scientific, Inc., Waltham, MA, USA). Firstly, the original data at the probe symbol level were converted into expression values at the gene symbol level. For each sample, the expression values of all probes mapped to a given gene symbol were averaged. Then, missing data were inserted and median data normalization performed by using the robust multichip averaging (RMA) method (8) .
DEG screening and clustering analysis. The limma package (http://www.bioconductor.org/packages/2.9/bioc /html/limma.html) (9) in R language with multiple testing correction based on the Benjamini & Hochberg method (10) was employed to identify DEGs between IA and normal superficial temporal artery samples. P-value <0.01 and |log 2 fold change (FC) |≥1 were used as the thresholds for this analysis. Then, the pheatmap package (https://cran.rproject. org/web/packa ges/pheatmap/index.html) (11) in R language was used to cluster the identified DEGs.
Enrichment analysis of DEGs.
To study DEGs at a functional level, GO (Gene Ontology) functional enrichment analysis (12) and KEGG (Kyoto Encyclopedia of Gene and Genomes) pathway enrichment (13) analysis were performed using the online biological tool, database for the annotation, visualization and integrated discovery (DAVID version 6.7; https://david-d. ncifcrf.gov/) (14) . DAVID software has been extensively used to identify biological processes involving a given list of genes. In the present study, fold change discovery (FDR) ≤0.05 was set as the cut-off criterion for enrichment analysis.
PPI network construction.
PPIs are important for all biologi cal processes. The present study constructed a PPI network among DEGs based on the biomolecular interaction network (BIND) database (http://binddb.org) (15) . BIND is available for querying, viewing and submitting records regarding molecular interactions, complexes and pathway information. Additionally, ClusterONE software (http://www.paccanarolab. org/cluster-one/) (16) was used to perform sub-network clustering analysis and then GO functional enrichment analysis was then performed for DEGs in each sub-network.
Results
Data preprocessing and DEG screening. Data prior to and following normalization are presented in Fig. 1 . Following normalization, gene expression values of differing samples ranged almost uniformly, which indicated that all of the 6 chips were available for further analysis. Following DEG screening using the limma package, a total of 1124 DEGs (|log 2 FC|≥1 and P-value ≤0.01) were identified, of which 989 DEGs were upregulated and 135 DEGs downregulated ( Fig. 2A) . In addition, the top 5 upregulated and top 5 downregulated DEGs are presented in Table I .
Clustering analysis. A clustering analysis was performed using the pheatmap package in R language and 1124 DEGs were divided into two major clusters (Fig. 2B) . The DEGs in the upper cluster were significantly downregulated, whereas the DEGs in the lower cluster were significantly downregulated. The separation of the clusters into two differing categories indicated that the identified DEGs were significantly differentially expressed between IA and normal superficial temporal artery samples. Fig. 3 ). These GO functions were primarily associated with RNA splicing and the spliceosome, RNA processing and the mRNA metabolic process. PPI network construction. A PPI network was then constructed using the BIND database (Fig. 4) , in which a hepatocyte nuclear factor (HNF)4A (transcription factor)-centered regulatory network was identified. In addition, a sub-network clustering analysis was performed using ClusterONE software and 5 DEG-centered sub-networks were identified (Fig. 5A-E ) and significantly enriched in 3 GO functions (Table II) . The central DEGs observed in the sub-networks were origin recognition complex subunit 2 (ORC2L), activating transcription factor 5 (ATF5), MAF BZIP transcription factor K (MAFK) and Jun proto-oncogene, activator protein-1 transcription factor subunit (JUN).
Transcription factor regulatory network construction. The interactions between DEGs and transcription factors were identified from the PPI network, and presented in Fig. 6 . A total of 6 transcription factors (HNF6, HNF4A, E2F4, YY1, H4 and H31T) and 24 DEGs (5 upregulated and 19 downregulated genes) were involved in the transcription factor regulatory network. It was observed that HNF4A exhibited the ability to regulate the DEGs, including prolylcarboxypeptidase (PRCP) and caspase-8 and Fas associated via death domain-like apoptosis regulator (CFLAR).
Discussion
IA is a severe clinical condition and as of yet, there is no current effective therapy. In the present study, bioinformatic analyses were conducted to investigate the potential molecular mechanism underlying the occurrence of IA. Consequently, 1,124 DEGs were identified between IA and normal superficial temporal artery tissue. The DEGs primarily participated in RNA splicing and the spliceosome, RNA processing, and mRNA metabolic processing. Following this, a PPI network was constructed and 5 DEG-centered sub-networks were revealed, involving 4 DEGs (ORC2L, ATF5, MAFK and JUN). Furthermore, a transcription factor regulatory network was abstracted, and 6 transcription factors (HNF6, HNF4A, E2F4, YY1, H4 and H31T) and 24 DEGs (including PRCP and CFLAR) were involved. From the results of the sub-pathway clustering analysis, the PPI network was divided into 5 DEG-centered sub-networks, involving 4 DEGs (ORC2L, ATF5, MAFK and JUN). Various DEGs identified included ATF5 (sub-network 2), which is a stress-response transcription factor and is highly expressed in various tumors (17) . CCAAT/enhancer binding protein β (CEBPB) interacts with ATF5 and encodes a basic-region leucine zipper transcription factor (bZIP). CEBPB participates in the regulation of the immune and inflammatory response, and thus may participate in the pathogenesis of IA (18, 19) . Therefore, ATF5 may participate in IA via its interaction with CEBPB. Furthermore, JUN (sub-network 4 and 5) is a bZIP transcription factor involved in numerous cellular processes, such as cell growth and apoptosis (20) , and tumor necrosis factor (TNF)-α has been demonstrated to stimulate prolonged activation of JUN and interleukin (IL)-1β gene expression (21) . TNF-α is known to activate matrix metalloproteinase which is important in IA pathology (22, 23) . In addition, Moriwaki et al (24) demonstrated that IL-1β is important for the progression of IA via the induction of VSMC apoptosis. Therefore, JUN may participate in the progression of IA by responding to TNF-α and IL-1β.
The HNF4A-centered transcription factor regulatory network led to the identification of the regulatory pathway HNF6-HNF4A-E2F4. HNF6 encodes a transcription factor that has been demonstrated to influence a variety of cellular processes, including cell proliferation, cell-matrix adhesion and inflammation (25) . The pathological pathway for IA involves endothelial dysfunction/injury, the mounting inflammatory response, VSMC phenotypic modulation, extra-cellular matrix remodeling, subsequent cell death and vessel wall degeneration (26) . Therefore, HNF6 may participate in IA via induction of inflammation. HNF4A encodes a transcription factor that participates in lipid metabolic processes. Frösen et al (27) demonstrated that accumulation of lipids and oxidation in the saccular intracranial aneurysm (sIA) wall are associated with its degeneration, resulting in fatal SAH (27) . Therefore, HNF4A may participate in the progression of IA via regulation of vessel wall remodeling and damage. Furthermore, E2F4 encodes E2F transcription factor 4 which participates in the cell cycle and tumor suppression. E2F4 participates in the transforming growth factor (TGF)-β signaling pathway which is involved in cell differentiation, cell growth and apoptosis. It has previously been reported that the TGF-β signaling pathway is important in IA (28) . Therefore, E2F4 may be involved in IA progression via its participation in the TGF-β signaling pathway. Of the DEGs regulated by HNF4A, PRCP encodes an enzyme which cleaves COOH-terminal amino acids linked to proline, in peptides including angiotension II (29) . Angiotensin II, a part of the renin-angiotensin system (RAS), is a potent vasoconstrictor and pro-inflammatory stimulant. Shoja et al (30) demonstrated that RAS is associated with the pathogenesis of IA. Therefore, PRCP was predicted to participate in IA progression via the regulation of RAS. In addition, CFLAR encodes the caspase-8 and Fas associated via death domain-like apoptosis regulator (31) , involved in the TNF-α/nuclear factor (NF)-κB signaling pathway. NF-κB recruits macrophages into the vessel walls involved in IA, initiating inflammation and participating in aneurysm formation (32) . Therefore, CFLAR was hypothesized to participate in IA progression via the TNF-α/NF-κB signaling pathway.
In conclusion, the results of the present study revealed that inflammation may be an important factor in AI development. In order to elucidate the pathology of IA, gene expression profiling data of 6 samples were downloaded and analyzed. Following a sub-network clustering analysis, 5 sub-networks were identified, involving 4 DEGs (ORC2L, ATF5, MAFK and JUN). ATF5 and JUN served crucial roles in the immune and inflammatory response and VSMC apoptosis during AI development. In addition, the regulatory pathway HNF6-HNF4-E2F4 was identified as an important mechanism involved in the development of AI via the regulation of inflammation, the TGF-β signaling pathway, the renin-angiotensin system and the TNF-α/NF-κB signaling pathway. However, these results were derived from in silico analysis; thus, further experimental studies are required to verify the results of the present study.
